Polar optical phonons in quaternary nitride-based superlattices have been investigated in the framework of the dielectric continuum model. In the considered systems, the superlattice period consisted of two main GaN and AlN layers and two interstitial Al 0.5 Ga 0.5 N layers. Such a structure simulates binary superlattices with diffuse interfaces. The presence of the finite thickness interface layers was shown to give rise to appearance of several low-intensity additional phonon modes active in Raman scattering; frequency splitting of such modes is sensitive to relative thickness of intermediate layers. The fundamental Raman-intense polar phonon modes were also stated to be independent on the interface thickness, and these modes were very sensitive to the main layer thicknesses.
Introduction
Wide-bandgap nitride semiconductor compounds are, due to their remarkable properties, increasingly used in optoelectronic devices [1] [2] [3] . The high bandgap value enables these devices to operate under high pressures and temperatures [4, 5] . Currently, light-emitting diodes based on wide-bandgap nitrides are often used in optoelectronic devices in the spectral range from green to UV [6, 7] . Nanostructures based on such compounds can significantly extend the applicability of these materials.
The efficiency of optoelectronic devices based on heterostructures is largely determined by the structural quality of the grown samples [8, 9] . Raman spectroscopy (RS) is currently considered as a promising method for non-destructive non-contact quality control and for examining the grown structures. High resolution of modern Raman spectrometers with highly sensitive detectors and suitable laser equipment allow registering even very weak signals with a high spectral accuracy. Interpreting the obtained spectrum is a task as important as recording the RS signal.
This paper discusses the possibility of using RS for controlling superlattices (SLs) based on wurtzite crystalline GaN and AlN nitrides and their solid solutions. The shorter the period of such SLs, the more important it is to define the interface [8] and take into account its possible roughnesses. In the present study, we have examined the changes in the spectrum of delocalized polar optical phonons in the presence of a diffuse interface. The latter was simulated through introducing an additional layer with intermediate properties characteristic for a solid Al 0.5 Ga 0.5 N solution. This approach turns the standard problem on the two-layer binary SL into that on a quaternary SL. The results obtained within the framework of the dielectric continuum model (DCM) are interpreted by analyzing the amplitudes of atomic displacements and the electric field induced by them.
The dielectric continuum model
We have used the dielectric continuum model for the purpose of simulating the properties of polar optical phonons. The fundamentals of the model were established in Ref. [10] . Refs. [11, 12] reported the application of this approach to describing the behavior of interface and quasi-confined phonons in binary GaN/AlN SLs. This model is based on the classical equations of electrodynamics. In the case of a nonconducting medium with no space charges the equations for the intensity and the displacement of the electric field take the following forms:
The tangential (the corresponding direction is denoted by the index x ) component of the electric field strength and the normal (the corresponding direction is denoted by the index z ) component of the electric displacement vector must be continuous at the interface between two media:
where ε 1 and ε 2 are the dielectric permittivities of the adjacent media. The DCM assumes that the frequency dependence for the dielectric permittivity can be expressed as
Expression ( 6 ) describes the dielectric function of a single-mode crystal in the phonon frequency range [13] . Here ω LO and ω TO are the frequencies of the longitudinal and the transverse optical phonons; ε ∞ is the high-frequency dielectric constant of the material.
Depending on the polarization direction the polar phonons in nitride SLs can be classified as either the A 1 type (the atoms oscillate along the SL axis) or the doubly degenerate Е 1 type (the atoms oscillate in directions parallel to the interface plane). Depending on the angle between the wave vector q and the polarization vector P the phonons are divided into the longitudinal (LO) and the transverse (TO). Accordingly, we have four types of polar phonons: A 1 (L О) and E 1 (TO) if q || z , and A 1 (TO) and
The DCM is based on searching for solutions to Eqs. (1) - ( 6 ) in the form of plane waves:
A characteristic feature of an SL with a plane interface is that the solutions can be divided into two fundamentally different types depending on the direction of the wave vector q . The first type includes the solutions with the wave vector perpendicular to the interface plane. As established in Ref. [12] , such phonons are localized in one type of layers, with their frequencies close to the values in the respective bulk materials. The frequency shifts of such phonons point to elastic deformations in the materials of the respective layers [14] . Furthermore, counting the number of harmonics of such standing waves can help estimate the thickness of the layers in which they are localized [15] . However, the intensities of the higher-order harmonic modes in Raman spectra can be low. This causes a blurring of these lines compared to other signals, such as the signals from the buffer layers.
Another type of solutions comprises phonon modes with the wave vector lying in the interface plane. The intensity of the electric field induced by these modes decreases exponentially from the interface to the depth of the layer. Such a drop in intensity is most pronounced in isolated heterojunctions or in a long-period SLs. For this reason, this type of phonons has been named interface modes. The frequencies of these phonons, as shown by numerous experimental and theoretical studies (see, for example, [11, 12] ), are sensitive to the ratio of layer thicknesses and can be used to characterize the grown structure. This paper is dedicated to a further examination of this subject.
The quaternary structure case
The transition from a binary to a quaternary SL is due to the fact that interfacial diffusion can no longer be neglected in short-period structures whose typical thicknesses do not exceed about ten monolayers. The interface is an additional interstitial layer where one structure is gradually rearranged into another. As a consequence, these interfacial layers have intermediate characteristics. We have introduced an additional interstitial layer with the parameters typical for an Al 0.5 Ga 0.5 N solid solution for describing these structures within the DCM.
In general, two types of polar optical phonon modes are possible in nitride superlattices [11] :
(1) the amplitudes of the phonon modes have an exponential character in both layers (the so-called interfacial modes (IF)); (2) the amplitudes of the phonon modes have an exponentially damped character in one of the layers and an exponentially increasing one in the other (the so-called quasi-confined modes (QC)).
The dielectric function can take both positive and negative values in the phonon frequency range (see Eq. (6) ). In anisotropic crystals, including the nitrides discussed in this study, the sign reversion of the ε xx and ε zz components occur at different frequencies. That is why, the sign of the product of ε xx ε zz changes depending on the frequency. It was estabilished in Ref. [11] that the nature of the phonon mode (i.e., whether it can be classified as type 1 or 2) depends on the sign of the product of ε xx ε zz , which changes depending on the frequency (shown in Fig. 1 ). Phonons in a solid solution obey the single-mode behavior, as in the case of the basic GaN and AlN materials [16] . The optical phonon frequencies in these SLs, as in the case of binary SLs (see Fig. 1 ), lie in two ranges: the TO range (from А 1 ТО -GaN to Е 1 ТО -AlN) and the LO range (from А 1L О -GaN to Е 1L О -AlN). Nevertheless, the presence of an interstitial layer with the characteristics of a solid solution makes it more difficult to separate the LO and the TO ranges.
As can be seen from Fig. 1 , introducing two additional solid solution layers leads to modes with the propagating character of atomic motions in the interstitial layers emerging in the frequency range from Е 1 ТО -GaN to А 1 ТО -AlN. The frequencies of these modes lie in the TO range from А 1 ТО -Al 0.5 Ga 0.5 N to Е 1 ТО -Al 0.5 Ga 0.5 N, and in the LO range from А 1L О -Al 0.5 Ga 0.5 N to Е 1L О -Al 0.5 Ga 0.5 N. The rest of the frequencies ranging from E 1 ТО -GaN to А 1 ТО -AlN and from E 1L О -GaN to А 1L О -AlN correspond to the phonons whose electric fields have an exponential character. The frequencies of these modes can be de-termined through finding the roots of the determinant of a matrix with the elements composed of the coefficients of boundary conditions of the forms ( 4 ) and ( 5 ) at the interfaces and the periodicity condition.
From a practical standpoint, the case of short-period structures, i.e., structures whose characteristic layer sizes range from several to tens of nanometers is the most important one. For such structures, the longwave approximation is justified, in which the parameter s = qd → 0, where q is the magnitude of the wave vector of a phonon, and d is the thickness of the SL period.
Using the DCM to describe polar optical phonons in quaternary structures
In the long-wave approximation, we can neglect the spatial variations of the electric field and assume the field to be homogeneous in each of the layers. The growth direction of nitride SLs coincides with the direction of the hexagonal axis of the bulk components. Therefore, the SL itself can be assumed to have a С 3 v symmetry [20] . As a result, the polar phonon modes can be divided into two irreducible representations: the non-degenerate A type (with polarization along the growth axis) and the doubly degenerate E type (with polarization in the interface plane). Depending on the direction of the wave vector these phonons may be longitudinal (LO) or transverse (TO). The wave vector for LO phonons is parallel and for TO phonons perpendicular to the polarization vector. According to the dispersion relation ( 6 ), for LO phonons, the equality ε = 0 (7) holds true, while another equality
holds true for TO phonons. Condition ( 4 ) means that the field intensity in the interface plane is the same in all layers (from now on, the following subscripts will be used to denote the quantities corresponding to the specific layers: 1 for the AlN layer, 2 for the Al 0.5 Ga 0.5 N layer, 3 for the GaN layer):
where E x,m ( m = 1, 2, 3) is the field intensity in the interface plane of the layer m .
From here follows the expression for the average value of the dielectric permittivity in the interface plane:
where d m ( m = 1, 2, 3) is the thickness, and ε xx,m ( m = 1, 2, 3) is the dielectric permittivity in the plane of the layer m . Condition ( 5 ) means that the displacement vector along the SL growth axis is identical in all layers:
where D z,m ( m = 1, 2, 3) is the displacement vector along the SL growth axis in the layer m .
From here follows the expression for the average value of the inverse longitudinal dielectric permittivity along the SL growth axis:
where ε zz,m ( m = 1, 2, 3) is the dielectric permittivity along the SL growth axis in the layer m . Table 1 The correlations between the phonon mode types and the characteristics of the dielectric function.
Phonon symmetry Dielectric function
For the case of an SL with ideal interfaces ( d 2 =0), formulae ( 9 ) and ( 10 ) are transformed into the formulae listed in Ref. [12] .
As noted above, the polar optical modes in nitride SLs can be divided into four types: A (TO), E (LO), A (LO) and E (TO). For each of these types either condition ( 7 ) or ( 8 ) must be satisfied. These conditions for the phonons with different types of symmetry are listed in Table 1 . Using the conditions in the right column of Table 1 , relations ( 9 ) and ( 10 ) and dielectric functions ( 6 ) with the parameters from Table 2 , we can obtain the equations for determining the phonon frequencies for each of the four types. This paper presents the results of simulating the polar phonon spectrum simulation in a quaternary structure. The total length of the SL period was fixed throughout the calculations, while the ratio between the thicknesses of the GaN and AlN layers was varied, with a fixed thickness of the interstitial Al 0.5 Ga 0.5 N layers. The dimensionless coordinates s were used in the calculations. The SL period value in relative units was s = qd = 0.12 with the thickness of the interstitial layer s 2 =0.01. Thus, the thicknesses of the GaN and AlN layers varied within the 0.01-0.09 range. A dimensionless parameter 
was introduced for convenience of analysis, where d m are the layer thickness values in dimensional units ( m = 1 , 2, 3 ) .
Two groups of phonon modes (I and II) can be identified in the obtained solutions. These modes have the following frequencies:
I those close to the corresponding values of the bulk components, localized in one of the layers; II those strongly dependent on the ratio of layer thicknesses, delocalized over the entire SL.
The first type of solutions deals with the phonons of A (LO) and E ( ТО) symmetry. For the phonons of this symmetry, polar phonon frequencies are close to those of the phonons in the GaN, AlN and Al 0.5 Ga 0.5 N bulk materials (see Table 2 ). The difference with the case of the binary AlN/GaN SL is that phonons with the frequencies characteristic for the material of the interstitial layer appear in the spectra of the quaternary structures. Similar to the case of the binary SL, the frequencies of these modes do not change with a change in the relative thickness of the GaN and AlN layers.
The modes of А( ТО) and E (LO) symmetry exhibit a qualitatively different character. These types of modes are sensitive to the ratio of layer thicknesses. The calculated frequencies of these modes in quaternary and binary SLs are shown in Fig.2 .
We have obtained three solutions for each of the А( ТО) and E (LO) modes in the quaternary periodic structure. One of these solutions falls within the 'nor-mal' range: for the A ( ТО) mode it lies in the TO frequency range, and for the E (LO) mode in the LO frequency range. The frequencies of the two other solutions are in the 'abnormal' range: one for the A ( ТО) modes is in the LO frequency range, and the other, for the E (LO) modes, is in the TO frequency range.
'Normal' modes are characterized by in-phase amplitudes of atomic displacements, and therefore, as in the case of a binary SL [12] , are the most intense in the RS spectra (from now on, these modes shall be referred to, respectively, as A ( ТО) + and E (LO) + ). The interstitial layers present start to noticeably affect these modes only when the thickness of one of the layers becomes comparable to the thickness of the interstitial layer. However, in a wide range of thickness ratios of the GaN and AlN layers, the frequencies of these modes are almost insensitive to the presence of the interstitial layer. This result confirms it is possible to use these modes for describing the structure of the grown samples. Now let us analyze the 'abnormal' modes, denoting them, respectively, as А( ТО) 1and А( ТО) 2-, and E (LO) 1and E (LO) 2-. For these modes, the amplitudes of atomic displacements in the GaN and AlN layers are anti-phase. Introducing an interstitial layer between them leads to the splitting of these modes compared with the binary SL. This splitting is connected to the fact that for higher phonon frequencies ( А( ТО) 1-, E (LO) 1-), the atoms in the interstitial layer are moving in phase with the atoms in the GaN layer, and in antiphase with those in AlN; for lower phonon frequencies ( А( ТО) 2-, E (LO) 2-), the atoms in the interstitial layer move in phase with the atoms in the AlN layer and in antiphase with the GaN atoms ( Fig. 3 ) It can be seen from Fig. 4 that the magnitude of the frequency splitting for 'abnormal' modes increases with an increase in interface thickness and reaches the value of 50 cm −1 at h = 0.10. The simulation of quaternary systems with different thicknesses of the interstitial layers indicates that the magnitude of the frequency splitting for these modes provides information about the relative thicknesses of the interstitial layers (see Fig. 4 ).
Conclusions
The simulation of the spectrum of polar optical phonons in quaternary SLs resulted in predicting the emergence of additional (compared to binary SLs) phonon modes which characterize thickness of the interstitial layer. It has been established that several modes corresponding to different phase relations of the atomic displacements both in the layers of the bulk constituents and in the interstitial layers are present in the А(TO) and Е(L О) phonon symmetry spectra of quaternary SLs. The relationship between the frequencies of the most intense A ( ТО) + and E (LO) + lines and the ratio of the GaN/AlN layer thicknesses is almost the same as in the case of the binary SL. Because of this, these lines can be used for determining the ratios of the main GaN/AlN layer thicknesses even in the presence of diffuse interfaces. The frequency splitting values for low-intensity modes ( А( ТО) 1and А( ТО) 2-, and E (LO) 1and E (LO) 2-) can be used for determining the relative thickness of the interstitial layer. Thus, the experimental determination of polar optical phonon frequencies provides us with opportunity for estimating the relative thicknesses of both the main layers of the grown structure and the interface smearing.
